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Monthly Report No. 6

I. PROGRAM OBJECTIVES

The primary objective of this contract is to generate a comprehensive
technology base for high performance gaseous hydrogen-gaseous oxygen rocket
engines suitable for the Space Shuttle Auxiliary Propulsion System (APS).
Durability requirements include injector and thrust chamber designs capable
of 50 hours of firing life over a 10-year period with up to 106 pulses and
single firings up to 1000 sec. These technical objectives are being accom-
plished and reported upon in a twenty-one task program summarized below. The
first ten tasks relate to high pressure APS engines, parallel tasks eleven
through twenty relate to lgy_pressure APS engines, and task twenty-one is a

common reporting task.

Task Titles High Pc Task Low PC Task
Injector analysis and design I XI
Injector fabrication 11 XII
Thrust chamber analysis and design II1 XI1I
Thrust chamber fabrication Iv X1V
Ignition system analysis and design \Y Xv
Ignition system fabrication and checkout VI XVI
Propellant valves preparation » VII XVI1
Injector tests . VIII XVIII
Thrust chamber cooling tests IX XIX
Pulsing tests X XX

Common Task

Reporting requirements XXI

During this report period, the program objectives were redirected toward
providing an expanded high pressure program which would analytically and experi-
mentally investigate the impact of lower temperature propellants (fuel = 150 to
600°R, oxidizer = 300 to 600°R). Work on Tasks XIV, XIX, and XX was halted by a
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Monthly Report No. 6
1, Program Objectives (cont.)
stop work order dated 11 February 1971, while the scope of work on Tasks XII,
XIII, XVII, and XVIII was reduced to that compatible with closing out Low PC
activities in an orderly and documented manner.
Section II of this report provides a review of the progress in the

eighth program month on the high pressure engine technology portion of this

contract. Low pressure engine technical progress is covered in Section III.
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II. HIGH PRESSURE TECHNOLOGY

A. PROGRAM PROGRESS

1. Task I - Injector Analysis and Design

No activity on this task.

2. Task II - Injector Fabrication

No activity on this task. Because of the good injector durability
demonstrated in Task VIII, it was found unnecessary to complete fabrication of all
of the injectors planned for this program. The injectors employed in Task VIII
testing will be modified for use with cooled chambers in Task IX testing by modi-
fying the fuel manifold to feed directly from the chambers. The residual funding
from this task has been employed in Task VIII to conduct 15 more injector checkout

tests than were originally planned and funded in the program.

3. Task III - Cooled Chamber Analysis and Design

Activities in this task involved evaluating Task VIII heat flux
data and film coolant probe data obtained from copper chamber tests and adiabatic
wall data as obtained from the film-cooled adiabatic wall chamber. The heat sink
copper chamber, which was reinstrumented with 24 new gas-side thermocouples in
the last report period, was employed for a major portion of this month's testing.
Some of the thermal data were a repeat of earlier measurements, however,
with more of the throat thermocouples in proper working order. The bulk of the
film temperature and heat flux data was for new test conditions in which either
one or both of the propellants were temperature conditioned (cold propellant tests).

The test conditions are summarized under Task VIII testing.
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II, A, Program Progress (cont.)

4. Task IV - Cooled Chamber Fabrication

During this report period, considerable progress has been made
in fabrication of cooled thrust chambers. A total of four cooled chambers,
two of each design as discussed in Report NAS 3-14354 Q-2, are being fabricated

in the ALRC Research and Advanced Technology Shop.

a. Film Cooled Chamber Fabrication - PN 1160334-1 and -2

Referring to the drawing and schedule, Figures III-10 and

ITI-32 of Program Report Q-2, the status of this hardware is as follows:

Items 2 and 3, Regenerative Cooled Copper Bodies -
One unit complete through slotting of coolant
channels; second part 507 complete.

Item 1, 304L Jacket (2 units) - All machining and
major welding complete, including manifold cover,
Item 4. The 304L skirts for both units were rolled,
welded, and spun to the contour of the optimized
40:1 Rao nozzle. At the close of the report period,
these nozzles had been through a stress relief cycle
and were awaiting a final respin operation.

Rolling and welding of conical preforms for the Haynes 188 throats (Item 8)

from 0.050-in. sheet material was completed. Welding was accomplished with
Haynes 188 weld rod material to provide a maximum strength joint. Spinning of
these preforms into the convergent-divergent throat section, although proceeding
satisfactorily, has proven more time consuming than had been anticipated. The
difficulties are that this material work hardens easily and therefore requires
frequent annealing and quenching cycles (five heat treatments per part). The
quenching operation produces an extremely tenacious surface oxide, involving the
cobalt base and rare earth alloying constituents, which has been found to be
resistant to all available pickling and etching solutions. This oxide must
therefore be removed mechanically by a hydrohoning operation followed by pickling

prior to each spin operation.
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11, A, Program Progress (cont.)

At the close of the report period, the throat sections
were the critical item, schedulewise, as all operations up to final interface
machining and assembly are essentially complete for the first unit. The first
throat was completed at the close of the report period, three weeks behind the
original schedule. A revised schedule, however, has been prepared, accelerating
the assembly operations and the first cooled chamber should be available the

last week in March, two weeks before testing is scheduled to start.

b. Fabrication of the Regeneratively Cooled
Chambers - PN 1160313

Start of fabrication of the regeneratively cooled chamber
body was delayed to facilitate a design change in the aft flange, which
eliminated a postassembly welding operation which was marginally close to a
brazed joint. As of the close of the report period, fabrication was in process
on all major items for the first assembly. The forward and aft flange of the
modified design were approximately 75% complete, the film cooled skirt assembly
about 50% complete, and the copper body 5% complete. A revised fabrication
schedule has been prepared which indicates the first chamber of this design can

be delivered mid-April.

5. Task V - Igniter Analysis and Design

No activity.

6. Task VI - Igniter Checkout Testing

No activity.

7. Task VII - Valve Preparation

No activity.
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II, A, Program Progress (cont.)

8. Task VIII - Injector Checkout Tests

High PC APS injector cHeckout testing was completed during the
month of February on the Physics Lab Bay 7 test stand. A total of 90 tests
have been completed to date, 15 more than in the original test plan. Of these
tests, 81 were heat transfer and performance tests, four were streak chamber
tests which were too short in duration (0.5 sec) to obtain accurate performance,
four were combustion stability tests, and one was a short pulsing test series.
eighteen of these tests, including one streak chamber and the four stability
tests, were conducted with cold propellant. Testing with heated propellants,
originally planned for this task, has been rescheduled to be investigated in
Task IX. Testing during the closing days of January and the month of February

is summarized as follows:

Tests 159 to 161 were conducted on a 15 L* copper heat sink
chamber with an I-triplet injector at MR = 4, 5 and 6 without film cooling.
These tests provided repeat data points of earlier tests at MR = 4 and 5 and
new data at a MR of 6. Test durations were 2 sec. The MR = 4 ERE was within 0.5%

of earlier data, while the MR = 5 ERE of 97.1 was approximately 1% lower than

recorded in earlier tests.

Tests 162 through 166 were conducted using the same injector
in the adiabatic wall chamber at 20 L*, a 2.5-in.-long film cooling ring, and
307 £ilm cooling. Test durations ranged from 2 to 10 sec with a nominal core
MR from 4.5 to 5.0 and chamber pressures of 300 and 500 psia. These tests pro-
vided performance data with film cooling and demonstrated that the adiabatic

wall temperature is not a significant function of chamber pressure.

Test 167 was a repeat of earlier tests at MR = 3.0 and 300 psia
PC for performance verification. Results were consistent within about 1.0%.

Test 167 was the first test in which significant overpressure (200 psi) was

noted in the oxidizer manifold.
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11, A, Program Progress (cont.)

Test 168 was a repeat of Test 167 to observe the ignition
process. This ignition phenomenon was repeatable. The igniter was disassembled,
inspected, and found in proper order. A possible cause for this overpressure is
the longer than optimum fuel lead on these tests. Optimum sequencing is simul-
taneous flow, while actual data show a 0.009-sec fuel lead which, in conjunction
with the low MR (3.0), can result in a combustible mixture in the oxidizer

manifold.

Tests 169 through 171 were conducted in the thermally reinstru-
mented 15 L* copper heat sink chamber with a l-in.-long film cooling ring
having a reduced step height. Testing of 2-sec duration was conducted with cold
oxidizer at a core MR of 5 and 30 and 207 film cooling at 300 and 500 psia

chamber pressure.

Tests 172 through 175 investigated cold oxidizer in a 20 L*
copper heat sink chamber with a 2.5-in.-long film cooling ring (30% film cooling)

at chamber pressures of 100, 300 and 500 psia.

Tests 176 and 177 tested cold fuel and oxidizer and higher film

coolant injection velocities.

Tests 178 through i85 employed the coaxial element injector
with an aluminum face plate. This configuration provided swirlers on the
oxidizer inlets and a tip recess of 0.080 in. All tests were conducted in the
newly instrumented copper heat sink chamber for 2.0-sec duration, except Test 181
which was a 0.5-sec streak chamber test. Tests 178 through 183 were conducted
with cold oxidizer and ambient fuel. In Tests 184 and 185, both propellants were
cold. Test variables in this series were: L*, percent film cooling, mixture
ratio, and chamber pressure. The performance of this configuration was generally
lower than all others tested; however, the aluminum face plate gas-side surface
thermocouples demonstrated the material feasibility since steady-state face tem-
peratures were 230°F greater than the fuel temperature. With cold fuel, the

injector face operates at a temperature less than 100°F.
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I1, A, Program Progress (cont.)

Tests 186 and 189 were combustion stability tests conducted in
a 15 L* copper chamber with SN 2 I-impinging coaxial injector using cold propel-

lants. The results of these tests are discussed in a separate section.

Test 190 involved a brief series of pulse tests to provide

system response data for Task X testing.
a. Injector Performance Analysis

The energy release efficiency of the four injector configu-
rations tested to date, including the reduction in efficiency due to the use of
up to 30% fuel film cooling, is summarized in Figures II-1 and II-2. Table II-1
provides a tabulation of the test conditions, test hardware, and measured perfor-
mance for the test data points employed in preparing these figures. The
upper part of Figure II-1 provides a data plot of injector efficiency for each
design over a range of thrust chamber mixture ratios for various film cooling
percentages. The loss in performance due to the diversion of a fixed percentage
of the fuel to separate film cooling rings at the injector periphery is treated
as a mixture ratio distribution loss which is additive to energy release loss of
the core. The lower part of this figure is a cross plot of the data in the
respective upper figures at a thrust chamber mixture ratio of 4.0. The upper
dashed line at 98% ERE is the maximum reproducible performance for the most
efficient injector configuration tested (the I-triplet at 20 L*). The relative.
ranking of the remaining injector configurations indicates the triplet and
showerhead coaxial to be close seconds and the swirler coaxial to be lowest

ranking.

The second dashed line at 94.8% ERE indicates the lowest
injector energy release plus mixture ratio distribution efficiency which can be
employed in conjunction with the selected 40:1 Rao nozzle contour and still main-

tain the performance goal of 435 sec. The intersection of this line with the

Page 8



ﬁ 762202 7,

(0L/5 ATY)

27 27 mk.p\\ ON OO N7 7T 2 T O

TL=0010 o2

\
o oz o/ <& o c/ o oZ o/ <
oL Q..w‘ .\ o . . _N : _ _ 22 w
! ] o m
) 26 N
. m 4 M
1 94 £
|
Qo/ Wﬂ
N
IO Ol ZLX e m
5 F = = * £ 9 s % s % < N
Y 1 T Y Y T T T U TR 20 L MRLAR B pun ] eg N
SsSZs,7 0O v o5 - &
uu\& “%oL oZeny © S GO ] og
/A\ e ..m,om/ S =7 0 O A
OF Gof ) . i
V@/ O« © .Ql/ldm?mlﬂ' S o&onm./% et “QN/Q./ 1z¢ A\
S T 0Z. “ d7o 492 @ Ny D % OZ P Ulb\,omv o/ 4 1:#
Oea o ° S opy /e ’»ID N Wm y
- 0= ===~ I = © —{T —_—
..\OD-......UWW o\(mw mvy%/a =t O Ort Orv [P JJ/,
© X -00 X b~-00 7
—\ L F T L _— - W
\J

LFTAAL - T

F T >/ FrOHS 1

T 7N

AROINNZF/O o, -7 SICLO ZLIN FF700> ¢ 7h

Figure II-1



(0L/5 A4H) 1L-00T0 Souy

&) IVHANIO-1LIrowdvY 40 NOI I ¥V @ YINHOIITIVD '"OLNINVYEHDVYS

&

ARVAdINOD Zzucm aInoiT L3Iroy3ayv Fw
(o) 2 (brS) “ X
NT L PR/ OIXD SFYPSS T T D

Q09 ol X~ oled 0oL cos oos oo/
1 ! T T [ 1 1 hq
4 Xb-o0 4 9¢

ez T 7XINS
4 \ 4 z¢
AYHVIIIINHHHWﬂhY

i \K | mw
S/=%7 Yz 7At>se O |

Ltz 2o ] 66
SV =7 2F7N2e 7, O] v
oo/
SZ =y 7 W00 ZT2HMS Y

(V) w7 SHILONTT7 DUFINEAD  ODILSIATL O LD

(FY=Z o)
AONF/ O/ FSEFT 7T A FNTF

Sz s/ sz sy sZ s/ ST Sz s/
-r Y Y m———p T T 1 T T T T 56
.“‘ = - wm
= == — 1.
\\\\\\\\\\ \\\\ * =/C
g < R o~ 1 &¢
/@ b 2O i P
B x-oo ||
> - LFZ7AI202 [ | oA X -0D oo/
LT T AL o 2T MOHS T TS

(IT7OCO0 LW Ti= ON) TN OLOTFLINY

Figure II-2Z



1937u83 373L1e3R) 33

I2qWeyd Nea1ls BAJIR|GE SdI0uUd] QY 2937u87 wwselg g
12quRYD P3IJo0d W{lj DTIEqERIPE §930UI] 5] 2337u8; yaiedg g

13queyd jus Jeay 13ddod sajouag :ny  (7) (391) 380yl 1937uBy JeuTWOU SP30uBp (g 120 7 ) teTron
216 0cs 2 126 25 296 09¢ 96 LLs 5§ T3 155 s 09¢ $9¢ 18 <re EIELER
€05 s czs 80§ 216 £95 v9¢ oLs 70 995 €96 z9¢ 133 696 s cLs 6L¢ %, *°r
1°L6 0°86 €76 6796 1-96 8°96  2°86  9°L6 ) 6°L6 €96 1°86 8°L6 126 w16 2786 9°16 T3 1
6796 S Lo 696 8°96 6756 €96  0'86 €6 z°t6 w16 1°86 8°L6 -6 v L6 6°96 0°86 €76 (@O + Té3) %
w1l 6°¢ z°o1 vzl . €461 €21 e <6 86 28 'y gy 8'8 6°8 1°01 2! 56 295 1437

- 00

6°0 8°1 8°1 <0 80 0z oz 21 0°2 L0 z1 21 z1 6°1 1o €1
g1 172 6°1 01 8'1 0z 0°1 6'1 671 1z "1 6°1 6°1 6°1 1z 11 0°2 .
£ vt €9 8¢ z'9 29w 19 €9 0L z2°9 L9 89 €9 $*9 09 59 s 1|/
50 R 9°% 1°g 8w 9y g 6% 6% 9 s 8n 8"y 60 9%y s 6% s9s 0.7
77901 (86 9°t6 27001 6786 $°86 07001 €66 001 186 8786 €86 L6 $*86 286 0766 9°86 I
(<78 856¢ Sv6e 8L£9 1nz8 0108  vive 1629 19239 5108 . Zovs 0928 6628 cuze 5208 Z1v8 2528 sdy 7,
2628 98¢ vse 68 on18 7680 wive 6818 zocs 098z 6628 8118 908 8118 z88¢ 168 ov1e sdz .f M.‘.Um
ie6 6°Ch €6 8°¢6 126 0°t6  Z°S6  1'n6 676 6°¢6 156 76 T 196 €6 0°c6 6°€6 Y
nGot 6°68¢ £°E8E € 66€ 0°S6C  ZTL8E  6°T0%  L°96€ €68 9°88¢ $zov 0*86€ e L6€ 1°95€ T L°10% S*96€ e ¢OFUIdS,
SR z2°59¢ §-gse 9°neg 0°99¢  T°09E  §°'Z8C  1°6L€ zeLe 899¢ Lozee IR 9-gLE 8°72¢ €29t g t8e 9ezie das ¢2P1dS,
OTVITLGTISIL6TCLZY LTTT O CUSIZD 0TUETE TTISTY TUOWIL STLZET €TUEZT 9°T9T1 STInZl LWSZl L'wnZi 0'Ivel 9°6SZi  1eizzl 1 7%
€rett € et 7611 67611 R A N 12 B Y A R A1 zezen 0521 0°s21 0°czt 05zt w22t vzit 9211 vzl 361 *%q
ST STEMILLTESTU BTN BTLOTL 6TMTID TU6ZIL O°STII €°SONT  €TTUIL  9TENT  SU9NIT  L°6ZIT €221l 98Il Z°ICHT  Lewolt 3a1 <15y
Coe g 00§ ¢ 055 °¢ 1557€ 9CE°C STt 14Tt wigee 682°¢€ z6€€ 662 ¢ coe € 6567€ 6CE € szv°e 982°¢ $67°€ L
Gig 76"y 205 062 8¢ 98y 06°Z  £6°C 06°¢ 18°% 56°2 cgrg 6°€ w6"¢ 08"y 00°¢ s6°¢ 393 2/0)=""(3/0)
£10°0 £10°0 £10°0 010°0 010°0  §10°0 €100  §10°0 <1070 €10°0 €107 <1070 $10°0 £10°0 €10°0  §10°0 1070 v9s/uqy ¢1n
21070 1£5°0 L1570 1980 £99°0 2670 £28°0 0990 1590 89570 61870 999°0 99970 1990 Sg-0 1080 1590 ss/uar <In
Gtz 116°2 096°2 905 *2 £€99°2  898°7 €%z om9°T 816°2 608°2 S92z £29°2 809°2 999°2 €877 999°2 629°2 sasuqy «%n
ore gez 667 90€ L6z €62 62 w67 <62 682 62 16z 262 162 062 62 887 ersd +7g
TUETIETL 9TTETOTTE OvTU0Z T 9NN 0TI 99 1S90 T L7279°T £7279°2 1°270°Z ZU1-Z0°% L97T-LS T (0°1=LS Y L9°1-LS T L9°1-LS T 49°5-LS"T Z1°T-20°1 211201 Z1°1-20°1 295 *Liemms eavg
et 0°1 — 0 [ S0 01 0 998 ‘uojieang 3s3]
1877 0zt —_—— 52 £6°2 662 16°2 )
(") <1 (P) ¢z (n2) 1 (n0) sz (n0) €1 eup f o (RdAL 33Gus) 1
= T $-62 (1y(P94r 391 asanug;
€ N§ 391draL —————— [ N§ 327d1a} Z NS 1@1djar ad41 103d3fug
£01 01 901 €0t zo1 K33 143 1 o1t 601 801 901 <ot %01 £01 201 101 -ox uny
6= OIMN ﬂﬂ.«huw Isa]

AYVIOUIS JONVIRYOJY3d TIATT VIS - SdV Wm HOIH

I-I1 378vVa

S 3o 1 333ys



oy ey
hY

<1s €18 916 L15 (949 918 SI¢ 616 126 0zs 8z¢ 1749 9z¢ 616 (249 (149
€0g 53¢ 4249 (4249 80¢ 806 o1s 018 906 806 90§ [¥4Y L749 49 L1§ 289 L1s
9°G6 8°96 L6 1°86 L L6 L6 8°66 §°96 $°96 0746 T1°L6 €766 £°86 L786 0°86 9°86 0°66
7°S6 9°96 €°L6 6°L6 S°L6 £°L6 9°96 2°96 0°96 6°96 8°96 1766 6°L6 %°86 8°L6 2°86 6°86
et [ A 0'6 L°L Z°6 8°8 6721 6°Ct L°el 02y L°11 6°2 S$°9 1°S 6°L €S 6°¢
0°0

91 6°0 S°1 9°0 8°0 L1 9°0 0°1 (A8 9°'0 6°0 9°0 8°1 o't 0°1 871 9°0
81 9°1 11 L0 01 (989 [ 4 0°g 91 80 9°1 90 €1 1°1 9°1 L1 o°t
0°6 €17 78 1°6 €6 8°6 021 L'zt nhh A 0°01 €°g 6°S LS Z°9 €°9 249
[ 8'n [ 1°s 6% [ 6% Ly Sy 1°s 6°y (A9 9%y 0°¢ 6% 9°n 1S
tob 7°66 %7°001 {101 0°001 2°L6 9°96 6°66 2766 €66 1°66 17001 %°66 1°66 2°66 €°86 166
wecl LLl8 1408 0LE8 828 988L 69€8 %618 196¢ 6828 (444"} 16€8 €008 6528 728 0S6¢ S9E8
Scol 454} 0018 9168 1628 $99¢ 1808 618¢ 968¢ 7eE8 1028 00%8 %$6L 8818 (42 ¢] 818¢L 1828
r°Co Z°%6 L°€6 Z°%6 L°C6 1°26 816 06 726 0°té L°Z6 %796 8°'76 €°S6 $°v6 6°%6 6°66
DA% L796¢ 7768¢ L 66€ 1°L68 8°18¢€ 7°66€ VAN Z2°68¢ L°00% 1°L6E 9°00y §°98¢ 7°96¢€ L°66€ 8°€8¢ 9°66¢
§rist £°69¢ G n9¢E $°9.¢ 6°TLC g1t $°99¢ 1°66¢ 6°66¢ 8°TLE 0°89¢ 1°98¢ %°99¢ [ FA% 1°%L¢ 1°%9¢€ 7°€8¢
7 8ieT 871821 176561 L6161 9°Z661 0°0Z7y 17429 9ty %°91¢1 §°sLz1 0 L621 L°880C Z2°8161 L7561 6°1L27 9°11¢CT 8°LIET
7021 v°0Z1 %7021 % 021 KAIAS §°021 L7021 L7021 [ AR A [ A [ 4% 9°0Z1 9°0Z1 L°0Tt %7°0Z1 €°021 £°021
CtSell 71911 L L8t £°56L1 ¢°Tist $°662 %7°90¢ 67167 TTS611 €611 B GETT 1°8161 9 L6t 0°.£81 STIs11 £°1611 SeL611
SGltg €06 ¢ ©9g°¢ 880°¢ 85€°S S61°1 €9I°1 91°1 669°¢ [44A/Aa" 91v°g 08¢°S OmN..m | A Y 00%°¢ 209°¢ 6£7°¢
Gy Y %9°¢ £9°y 00°¢ $9°¢ 6y 26°¢ 10°y L6 %8°C 89°¢ 88°7 06°% £8°¢ G8°¢ 10°S 10°¢
€10°0 €10°0 0200 0Z0°0 0z0°0 %00°0 %00°0 %00°0 €10°0 €10°0 €10°0 020°0 0z0°0 0Z0°0 €100 ¢10°0 €10°0
61970 Lo 7¢6°0 Z62°1 [ B ¢ 861°0 €62°0 8tZ°0 L09°0 L.8°0 91L°0 ove°1 898°0 1S0°1 689°0 18570 v8°0
G:iC 0s¢L°2 [0 & A 918°¢ S0Z°y €66°0 mom.so 0£6°0 6L0°¢ €s°e £89°¢ 0Z6°¢ 8veE"y [ aa 869°2 200°¢ 185°C
1L ” 11€ 69% 897 os% 66 [4¢ 4 66 91t 80¢ €0¢ 68% 097 9% 80¢€ 60€ €1¢

P St L°1-6"1 2101 2°1-0°1 TI=0°T 9°Z-%°T 9°T-n°T L 1=6¢°1 ’ L°1=61 L°1=6"1 L°T=6°] BI°1-86°0 8I1°1-86°0 BI'T-86°0 99°1-9%"T 99°1-9%°1 99*1~9n°]
0°1 a1 s'0 0°Z 0z [V - ¢ 0°1
16°2 06°2 06°2 . 88'C 26°7 68°C 68°Z

(nd) o= (D) o% (n2) 2 (n3) <1
U s - i e p— R e §-¢2
XBO0) 1913 1M§ 3914131 1

[0 911 STt 711 (341 [A 89 11 o1t 601 801 L01 <ot %01 €01 <0t ot 201

- 83z - =N

9 0 z 399ys

(*3ued) I-1I 314Vl

3

¥y 1
Ac
1

¥ *

3 %

(Q¥A + :3) 1
sas ‘1§37
285 ¢02:Y/

7
‘i)
095 ¢ um\,w

235 JSQ

298 ‘173 E

29S

.
2%

sd3 ‘oayl 40

361 °*
295 /uq]
2100 Bua
(3/0)="""(1/0)
995 /uq] .:a
23s /uq1 .un..

o
fJ9s/ugy ¢ oA

eysd ¢°g

29s ‘4ieizng eieg

238 ‘uojlvIng 1531

2

*uy ¢(adLl aaquyl) 47
(2d4r *3q1) 293;5ul)
9dLL 203vafu]

*ay ung

$31338 1S9



R If9g vo ;ases

G0¢ s 40 8OS e s 71¢ z1s 115 016 01¢ 606 L0S Los z1s T zis ¥ L
o Hey oy £06 7on, 06 e, 408 104 £04 20¢, 00S 2o Loy T 10¢ 11 ¥ 0y
T 5* Lo 126 26 $*86 786 €'96  €°l6 2" 16 1716 £ L6 196 "6 . %°L6 916 0°16 6° L6 81 %
964 0 n B 46 8-9% 9°¢6 9°¢h  8'C6  £°Z6 816 16 9°16 < 16 v'Ee | 0vZ6 z°t6 1796 s 16 (@& + 355 °
876 Lo 9 1 L*01 65 L9 [(AA 901 [ARN 91t 801 7Ll LARS ¢ S0t Stut L1y (A} o225 ..”S....

- o) L-ot €8l L'0T  S'el 9-02 01 9°12 6°61 sl 0761 - 010 205 *12u4T;
o€ 12 1t 8°1 01 80 0 8°0 8°0 1 80 80 0°1 80 L0 21 9°1 298 ‘14 mHUN
91 8°1 9°1 6°1 9°1 'R L°0 g1 9°1 Lt 1 91 9°1 £ o1 't 6°1 205 Ty
1°9 9°¢ vl e ) 0'€ 6°1 0°z o'z z€ 9z sz 8y L€ €9 69 1y 295 ‘1157
£ = 6%y gy g'n 8y 6°% Ly 9y 9 9*y L°w 9°n L 1°¢ 67 9% 235 ‘1077
000t LT $66 1°66 2716 £°66  L€6  0°T6 €16 996 1°€6 £°€6 6756 0°s6 8°66 6°86 14201 %2 %
Ze9¢L 9561 85z89 wl6L %028 9878 7668 6.78 ziz8 918 1628 8828 %818 2828 568 9zz8 1008 8d3 ‘oay1 4o
Y 9€6L 0zzs8 6€8¢ TL6L 1680 998L  619L 696 L wzLL 169¢L ZeLL 98¢ 8987 8v¢8 (€18 zu18 sdj .»« Mwum
€c6 €¢6 R 26 6°26 9'16  6'16  7°06 8768 L*06 68 1768 906 006 1796 €6 8°%6 s
6°0L€ 8" 08¢ 9°56€ 0°98¢ 9°n6E  v'L6E  8°TO%  vre6C 2766 9°v6 9°L6€ 9°86€ T -86€ £ 66€ 6°v6E g°88¢ das 243708,
1 9%e 06k 8°69¢ 9°c9¢ $°99€  6T€9€  T1'OLE  %'09E - gsE 8°L5¢€ 6763t 9-15¢ 1-8¢€ €-8sE 9758 v°89€ 9°89¢ sas A0S
$TWOEL  WTLIEL L7TBZL LUONET  9'wBEl 979InD  ITLIWD we0vl  Zielwl L7696l 6°weEl  9°WOWI  9°9€1  S'EIeT  1°€8Z1  B°LSZ1  @ronel 3ar 7%y
o2z 0-221 6121 9°1€1 2°TTT TUTL LUOET 6°0ET zzcr 9°€Z1 g€zt 9°€7T v €zl veLl 0°0z1 0021 9621 3q1 v
$UUSIT @'lell  8U09IL  1°60Z1  °Z9ZT w6zl wT9SZT €°SLZL 0°U8ZL  1°9921  €°14ZY  0°1821  Z'SZ1  1°06ZT  I'€9TI  8°LE11  9°L1Zl 31 73y
<09 So°n 1€ ot°s 969 £0°s  8'€  S1°¢ 0z 81°¢C £€°¢ 80°¢ L0°¢ g 86°2 68°¢ 18y 212 ar0)
srive 659°¢ 69%°€ 919°¢ 8LL°C  £68°€  6T8°C  Z06°C 656°¢ 828°¢ 0z6°¢ 826°¢ 728°¢ Sh6°e 919°¢ wiv'g 959°¢ sas/uqy da
5100 910°0 910°0 €100 €10°0 €100 €10°0  €10°0 £10°0 €100 €10°0 €100 £€10°0 £10°0 910°0 910°0  £10°0 295;mq1 *1in
N ) 0 0 SvI°0 0SZ'0  20E'0  Lv0 67270 170 79270 252°0 £91°0 672°0 0 o 0 sasquqq O3
51570 66570 02070 . 06570 £66°0  18S°0 IIL'0 19570 9850 98570 6970 26570 £65°0 265°0 79870 £89°0 £19°0 995 /ual I
0% e Gno'e £eLe2 €20°¢ €20°€  wwO'E  £0877  190°C e 680°€ 160°€ 700°¢ €L0°€ 160°€ 855°2 stz 970°¢ ses/uay O
T 6w 107% 01°¢ 00°% 8S'€  €L°7 w9°C 19°¢ 8170 9L°¢ 66 °¢ 01" 29°¢ 86°2 68°€ 18%% 824009
91¢ 61¢ [ 49 (249 *0€¢ EY2%Y *0Z¢€ *91¢€ *81€ 8z¢ SEE *LE€ €ee (329 01¢ z0¢ 81¢ wysd ¢7g
CUTITL9tTTeL 9TIRCT LITISL6°0 STTSEUD GTIECL 206-0°C wUIeZ'T ZUUS0T1 €°1STCT €°1-1°T €°I-1°T €°1-1T  CUISTCT LU1-St1  L°1~¢'T  2°1-0°I 298 ‘Aaewing eieg
(9 01 01 £°0 0°1 01 0°¢ 0°1 <0 85 ‘uojieang 1551
—_— 2 or-e €672 672 —-— 0 00°€ 06°2 06°2 s0°¢ 5

v/x -z o 0 -— U} ‘auRld - Sdd

0 oz 0% o€ oc o€ 0z ot o€ 0z o€ 0 ) ) i 5dd %

-+ (n3) ¢z (18V¥) I ~— (D) <7 - (D4dd) 6T - (nd) ¢t = (n2) ¢z (q1V) <1 *uy ‘(ad41 13queys) «7
—_— ———— 3-¢7 $-57 —— D7 $-52 (?dAL ‘3q1) 133102

Xe0] Xeo0)

e PRAYIITOYS € NS ad1amg ad4y a0333fug

(51 91 sl vE1 ger - ozer 1€1 621 8z1 921 <zt 9z1 €21 z21 121 0zt 811 -ox uny
8-z €3113g 1531

(-3uod) I-11 379Vl

$ 30 ¢ 3934S



142 v v AL (AT L 1 i i A i Los Lo4 Lo 104 0% s0S
8¢ z18 60S 11 s 605 0% 01¢ <0¢ €L (24 86" 867 667 867 L6Y 96
166 € lo 2°86 6°L6 L*L6 <96 996 8'9p 890 €l 686 0°96 9°96 S L6 S L6 $°L6 4973
€66 126 $°96 L96 0°L6 1796 %796 ¢z £ 96 L 95 €86 £°¢0 €90 166 6°ta €56 Z°v6
€1 601 S'9 18 16 S €T €€ 67zt 8771 1°01 €y 6°v1 9°¢1 6°6 0°01 676 0°01
0°0 8T = 0°0 701 0°0 1'8 s et 9L 1°21
S 1 9°C $°9 gty L'z ¢ 1 6°0 8'Z 8°1 L A4 9°Z o1 11 8°0 1°1 8°0
81 €1 'N3 LAY 8y 9°1 9'1 L0 971 02 6°1 L1 Loy 9°1 €1 9°1 91
9°¢ 0°2 L9 gt 6°L 1°9 1°9 61 €9 1°9 §'9 1AL 8°9 8y 9°¢ <9 97
9% 'y 1AL vy 8y <y 8y 6"y gy L) 8y 1AL 8y Ly 8 Ly )
27101 696 <" L6 §° L6 v L6 $° L6 9°t6 €96 0°86 L°86 €°001 §'86 0766 L°86 1726 $°86 €6
9L8L  L0€8 geCL SveL 7818 1664 0£Z8  68€8 %228 0LLL 1908 986 €228 $918 7828 6918 2978
0z8 6L8L 6vEL 1994 $96¢ weLL 7€08  806. 1908 9994 6508 1L 8C18 7908 €408 1908 ¥%08
L1985  L°06 0°26 1726 9726 626 £€°€6  L°16 1°C6 0°¢6 676 7726 0°€6 £°26 %16 1°26 €16
9788 € o6t €29¢ 608¢ S v6g S vgt 2°96C  L°10% 8°¢o€ 9°9.¢ ,0°88¢ 9°89¢ zes6¢ zUcot 1 26€ v°€6¢ 8°96€
57916 0TSE 0°8LC L1705 z°59¢ €8¢ $'69C  T°89C 9°89¢ € 08¢ €°99¢ 0°0%¢ nL9e 0°€9¢ 0°£9¢ €°29¢ €°29¢C
65201 L*1zwl 0°s1y 9*LEy 9747 9°w0LI 076921 €°6LE1 210671 L7021 FAR (A 6°9L21 1°%921 L79LE1  0°60%1 1681 871191
2'Z€1 weerl -~ [°0Z1 L7021 8°0Z1 €821 97121 £rozt £ ozt 6°811 6°811 8°611 87611 0°0Z1 0°021
L9611 671621 € n62 6°21¢ 6°90€  6°CSIT  Z'89IT 0°1SZT  9°891T  %°€80I 6°011T  0°8SIT  Z°'SwIt 6°95Z1 2 6821 16521 B8°1621
€5 €6'w $0°'9 L0°¢ 06°¢ S0°§ 18°¢ 88°¢ £6°¢ €8 0C "y 1279 88°¢ 91°¢ 80°S €1°¢ 61°¢
0?5°C 926°¢ 822°1 9€Z°1 AR 259°¢ "N 9Lt 105 °¢ 9Ey ¢ €ve e 95L°¢ h°g z6L°¢C 188°¢ 108°¢ 868°¢C
11070 110°0 11070 110°0 11070 11070 110°0  €£20°0 £20°0 zz0°0 2200 £10°0 £10°0 £10°0 £10°0 €10°0 ‘€100
C°6 65270 - 0°0 262°0 0°0 10 ez 0 10 9920
©€570  809°0 £91°0 £61°0 82270 76570 969°0  §89°0 (89°0 21640 £09°0 8050 769°0 085°0 %85°0 $86°0 150
vL6°7  6v0°C %601 €€0°1 Z€6°0 6%0°¢C 62L°C  Ivl'T 1642 1687 1A PR s€z°¢ 9cL2 8¢0°¢ 9€0°¢ 190°¢ z90°¢
to'm  Iv't €0°9 10°¢ 06°¢€ S0°s (8°¢ SLz £6°¢ 8¢ 0¢ "y 1279 88°¢ L1y 65°¢ wiY 19°¢
4t »12¢€ 101 901 201 L1e 60E  xGIE v1g €62 00¢ 11¢ 1819 ¥LEC e *8¢¢ %€
T071T0T0 £7676S SETImCETT SEUITEE T SSUT=GE T SSTTTGETT SSCTTSETT SUICETT STISICT SSTISSECY 66°T-SET SSUT-SET SSI-GET SST-SE°T SSTI-CET S I-GC°I SS°T-SE°T
$"0 crs ; 0°1
e 30°¢ L6'7  00°¢ 96°¢ v6°Z %6°7 7672 2672 £6°2
¥/N sz - v/N ez ¥/N $°z -2 0 0
0 ot 0 g 0 oz o¢ 0z ot
(av)sr (2dd¢r (nd) 61 (D4d)$t — (nd) <1 (no) sz
d=s7 e Y ——— 5-0¢ s-67
EERCRE3 S ——— Qg=-¢ NS ——-— 5 K§ ‘xnoo peayzanoys
851 J131 L1 191 1491 {3 051 691 871 991 <ot €91 1434 1 ont 6€1 81
g3z

(*3u02) I-I1 374Vl s

G 30 % 193us

995 fuojzezng 159

(Q¥R + 343) %
29s .qmmﬂw

238 “1Cid
295 ‘4 MHM
23S .qzqw
S9s .qgmmw
298 -.EUQ
*2 %

i)

£

sd3 ‘oayz
.H‘C

sdy ¢

1%
.oocu.nmn
1

s
Jea*ds

oas ¢
6381 ¢ 4
393

3681 74
10> .
(3/0)

o985 /ugy a

w] <L
n.

235 /wql 33,

o9s /uq] .umud
295 /ug] .ua
s9s /a3y On
dua .
(3/03

eysd .um

oas ‘Aieuung eieg

v
-

2

*uUT ‘suerld - 44

cad

suy f(adAr zaqueys) 41

(9dAL “3G7) za37uE]

9d41 203359(uz
*oN unyg

$93395 389



. :.om uo psses

wey T L 642 Lz zes I 775 15 61¢ 615 £1s 9084 tls 8OS 90¢ $es B M
et o1 cut Jug ecr car qce 076 or - ser 66 16% 005 L0 66 z6n ¥ "L

f Uk 1th 816 €16 S 66 086 S 16 €86 8°L6 816 [ANT 7786 8°86 7°86 L1796 1°L6 $°L6 LI
6°L6 v 16 176 $° 96 6°¢6 1'¢6 76 L°te LL6 0766 8710 086 776 8716 790 £°96 €16 (QEd + 3
et g8 98 L°01 1z '8 86 99 9°8 I €11 7L Loy €9 Tt €11 L6 295 *1E3Y/
601 L€2 A 101 €12 881 8'91 611 9°L1 96 0°¢t 0o 9Lt 6°L1 00 00 00 295 ‘1244
8'0 01 1 8'0 L0 Lo 970 Lo L0 Lo <0 $*0 Lo 90 0'c 7T 670 s ‘14 m%
1 81 0°2 Lt Y 91 %1 0°1 60 $°1 11 ot o't €1 Lt 8T LT 235 DY/
g Le $°g 9°¢ 1883 - $'z 6°2 'y e s's 6z 12 v°s 9 8¢ 29s ‘118\]

P 9y Ly 8y 61 6y 1°¢ 8y 8y £y 9y 6% ses ‘105]
796 $* 76 7' 96 6°96 826 AT $ 76 7°56 1°66 v°96 9:¢6 0766 27es 1726 2786 z°86 v°86 ¥ %
1828 6£18 6508 6C18 9928 6418 11£8 1428 60€8 6628 415} 698 ooes L0¢8 089¢L 8L6L 9tzs sd3 ‘oayl 42
$T6L 659¢ ssuL 881 £49L z08L 958L o8t 906 866 s86L 8628 0592 %69L £nsL 0g8L s018 sd3 .~< M,...um
116 668 S 16 6°16 6°06 2706 0°16 9'16 1°16 9°26 $° 16 1766 £z 8716 z°e6 $Ueh %6 1y
£°cef  7'z6€  L'S8C  S°06C  L°96  T-L6E  7°86C  6°96C  0°86€  §°L6€ 66 v OOV €668 L7668 €7€LE 1°98¢ 0°96¢ aas ¢O2W7ES,
£ 09E 9°8%¢ 6°55¢ 6'4SE $'09¢ L709¢€ €°29¢ 7 E9¢ §179¢ 6°L9¢€ 7°69¢ crist $°89¢ £°99¢ 8°Lve 6°09¢ (3% 39s .u?:ﬁ
3°t9I1  8°%Ifl  8°8IZT  67/TTT 6°SE%  8°L8I1  €°TOET  T'OTTZ  Z-°$00Z  §°85ZT  1'sczr 87L0€T woLLIe 970671 8°2671 178621 0°0821 3q1 7y
¢zt §'¢zT 0°wIl  0°wyl € 0°c71  T1°GZT  T°6ZT  8°%IT  gwIT  %7iCl 7°0C1 %°0€1 €121 g1zt €121 sa1 ‘%'
€611 €£768IT 879607  6'€0TT 6°0T€  8°Z9IT  €°LLIT 0-S86T  T°088T  L°€vIT  €°0STT  %°98T1 0°L002 2°0%¢1 SUTLIT 8°9/11 L°8STY 3a1 Ss
s 88°S 12°¢ oy 169 20°s €27y v1°g 2L vz"y 2y 96°2 86°% 68°% 69°¢ 18"y 8°¢ 2393%¢a/0)
01S°C  TiL°€ LIt TTv'€ 6071 YISE S6S°C L08'S  TESTS  gww'e  zev'e  LEWE 008°S 790y L 165°¢ 1c7°E, ses/mqp *In
110°6 210°0  T10°0  T10°0 %600 T10°06  T10°0  810°0C  810°0  110°0 1100 11070 61070 11070 11070 110°0 110°0 sas/uqy <
¢ri0  ®1T'0  %Z1°0 OvI'0  080°0  0€Z°0  £92°0  89£°0  9L£°0  OST'0 65770 0°0 e 8920 < 0°0 sassuqp ¢33
2670 90§°0 TS0 S6S0 L8170 ww§tO0  %iST0  [98°0 880 6190  019°0 £58°0 8880 ££9°0 8260 2050 102°0 sas/ugy <Ja
19T 0%0°€  TLL°T SLS°T  8E6TO0  98L°Z  L9L°T  wSS'w  §STT® 899°T  219°T  995°¢ 915"y zs1°e 8L1°¢ v86°2 61172 aas uq1 On
§9°¢ 91°y 7Ty 65°¢ e ss'e e 69e 9e € e 16°7 96°2 ¢ Sy 68°S 187y 78°¢ 842 4/0)
S67 oTe 82 §82 66 162 T0¢ 88y 19y 62 862 81¢ *€Ly *1CE €1 1€ 01¢ e1sd g

v 7-7°T wUT-I°C7 9'I-2°T %°I-1°7 9°T-T°T %°7-T°T %'T-T°T WI-L°T VT-L'T vT-TT 7C-I°T L7T-S°T 971771 S'OT-C°0T  §°T-€°T  S$°T-€'T §$°I-€°l 295 ¢Aavuzng eieg
- : 02 0°1 0°01 _-—— 072 235 ‘uojleang 353L
- €67 v6°2 26°C 76°2 96°2 €0°¢ €0°¢ _— 5672 . 3

0 0 0°1 0'1 gy .- 0°1 V/N $°2 ¢z V/N e touRld - Did

0z o€ oz 07 == ot 02 ot 0 i o¢ 0 241 %

- (nd) st (M) 02 (nd) <1 =~-~—= (044)02 - (nD) ¢1 cuj ¢(°dLl 13GTEYD) »1

< S=62Z (2d4L *3q1) 3937uf]
i3 13imS  passaday 391d 13l L1a #dA1 26393 (uT
6.1 8Ll 720NN 9.1 (749 2L €LY [4A 0 7t 0LT 691 197 591 €91 191 091 £61 =0y uny

- - §=XZ $21335 153l

(*2uod) 1-I11 219el
9 3o g a%eq



Test Series

Run No.

Injector Type
Igniter (1bf, Type)

L* (Chamber Type), in.

% FFC

FIFC - Plane, in.
S
Test Duration, sec
Data Summary, sec
Pc’ psia

(O/F)eng
w , lbm/sec

e}
Wf, 1bm/sec
1bm/sec
lbm/sec

YEfe®
wfI’
&T, 1bm/sec
(0/F)

core
FSL’ 1bf

P A, 1bf
ae

I sec
sp, theo’ ¢

Z 1

C*theo’
% c*
ApDL, sec
ZLBLL, sec
Z4KL, sec

Z&Ig FL, sec
ZXFFCL, sec

[XERL, sec

*Based on P
n oJL

Page 6 of 6

TABLL 11-1 (cont.)

21-8 — e A
180 181 182 183 184 185 186
Recessed  Swirl Coax TSI em e e s i g 1-Triplet
258 e e e o e e e e
15 (Cu) 15(Abl) 20 (Cu) =—wr—mm—rim e e 15 (Cu)
20 10 0 0 30 30 20
0 0 N/A N/A 2.5 2.5 0
2.93 3.09 2.93 wem e =
2.0 0.5 2.0 - e o > 1.0
2.2-2.4  0.8-1.0 2.2-2.4 2.2-2.4 1.4-1.5 2.,2-2.4 1.2-1.4
449 333 284 278 307 300 314
3.75 4.72 4.65 5.65 3.31 3.71 4.09
4.169 3.212 2.789 2.926 2.821 2.860 3.018
0.880 0.606 0.589 0.506 0.593 0.534 0.587
0.214 0.064 0 0 0.249 0.226 0.140
0.018 0.011 e o >
5.281 3.893 3.389 3.443 3.674 3.631 3.756
4.64 5.20 4,65 5.65 4.67 5.24 5.05
1781.8 1281.6 1089.5 1069.8 1170.4 1145.7 1222.1
125.5 131.7 125.3 ——r - ~ 125.2
1907.3 1413.3 1214.8 1195.1 1295.7 1271.0 1347.3
361.2 363.0 358.5 347.1 352.6 350.1 358.7
395.6 390.1 387.6 375.0 393.8 393.5 390.7
91.3 93.1 92.5 92.6 89.5 89.0 91.8
7948 7958 7837 7551 7807 7723 7837
8239 8011 8022 71726 8205 8189 8107
96.5 99.3 97.7 97.7 95.1 94.3 96.7
4.5 4.5 4.5 4.5 4.7 4.6 4.7
4.4 3.6 8.0 6.5 2.7 2.7 4.8
1.1 1.8 2.0 2.0 1.4 1.7 1.7
0.9 1.3 1.4 2.1 0.6 0.8 0.9
10.1 7.1 0 0 16.2 19.9 12.9
13.4 8.8 13.2 12.8 15.6 13.7 7.0
93.8 95.6 96.2 96.0 91.8 91.3 94.7
96.6 97.7 96.6 96.6 96.0 96.5 98.2
370 342 369 370 371 389 379
492 503 508 506 341 399 376
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experimental performance line for each injector at the respective L* values
determines the maximum amount of fuel which can be employed as fuel film

coolant for extending chamber life at a nominal thrust chamber mixture ratio

of 4.0. Longer L* values allow additional film cooling to be employed. The
swirler coaxial design allows the least amount of film cooling (approximately
127%), while the maximum amounts range between 22 and 25% for the other injectors,

depending on L%,

Figure II-2 shows: (1) the influence of characteristic
chamber length (L*) for each design at mixture ratios of 4 and 5, (2) the effect
of chamber pressure at mixture ratio of 4.0, and (3) the influence of oxidizer

temperature on the 0% film cooling energy release efficiency.
b. Stability Testing

Stability Tests 2K-8-187, -188, and -189 were conducted in
a 15 L* copper heat sink chamber instrumented with two flush-mounted Photocon 307
transducers located 120 degrees apart and l-in. downstream of the injector as
shown schematically in Figure II-3. All tests were conducted with SN 2 (I pattern)
impinging coaxial element injector using cold propellants. The test conditions
are summarized in Table II-2. The combustion dynamic stability was evaluated
by perturbating the chamber pressure with a thermally detonated 2-grain Teflon-
encased RDX charge. The results of one of these stability tests is displayed in
Figures II~-3 and II-4. Prior to bomb detonation, peak-to-peak pressure amplitude
oscillations are approximately 5% of chamber pressure, otherwise stated as
300 psia + 7.5 psi. The bomb detonation resulted in a nominal 2007 overpressure
as recorded by the Photocon pressure transducers. From Figure II-3, in which each
major time division represents 0.001 sec, it can be seen that the pressure oscil-

lation decay to within a few percent of the pre-excited state in 0.006 sec.

Figure II-4 shows the results of a spectral density analysis of the chamber
pressure oscillations at all frequencies. Also shown are the predicted fre-

quencies at which some resonance could be expected.

Page 9
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TABLE II-2

SUMMARY OF STABILITY TESTING

Propellant Temp, °R

Test ﬁo. Oxidizer Fuel Pc 2K
2K-8-187 408 400 680/680
2K~-8-188 360 390 230/370
2K-8-189 377 384 720/720

*Initial AP/maximum AP, psia

P 1K
c

580/670
510/240

650/810
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9. Task IX - Cooled Chamber Testing

As a result of the stop work order on Low PC chamber testing and
redirection of the program to provide an expanded High PC test program with cold
propellants, it is now planned to conduct all High PC testing in altitude cell
J-3 rather than J-4. Test Stand J-3, currently being employed in Low PC testing,
now contains propellant flow control valves, tube type heat exchanger for pro-

pellant condition, and the potential for more cost effective altitude testing.

A preliminary plan for testing the 40:1 area ratio cooled thrust
chambers in Test Stand J-3 was prepared for presentation at a 2 March program
review with the NASA program manager. This test plan was based on transient
thermal analyses conducted during the last report period to determine the fire
durations required to approach thermal steady state of the film cooled nozzle
at 40:1 area ratio (the slowest responding location). This analysis provided

the following estimated times:

7% of Steady-State

Temperature Seconds
95 70
98 ) 140

Because of the long skirt warmup times, the recommended test plan includes
evaluating several film cooling flow rates and thrust chamber mixture ratios

during a single long burn.,

Task IX testing is now scheduled to begin in mid-April.

10. Task X - Pulse Testing

Durability of the new Brute III DC power supply which provides
a single power source for the two igniter valves and two thrust chamber valves.

The spark igniter and thrust chamber valves discussed* in Tasks VI and VII

*Quarterly Report No. 2
Page 10
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have been successfully demonstrated in a series of 2500 thruster hot pulses.
The test duty cycle consisted of 0.050-sec on times and 0.150-sec off times in
a film cooled 3:1 expansion ratio chamber. The system functioned flawlessly

except for minor propellant leakage through the valve stems.

A flow system schematic and test plan for obtaining bit impulse
and bit specific impulse with 40:1 cooled chambers has been formulated for
presentation at the 2 March program review with the NASA program manager.
Accurate measurement of the propellant temperatures and flow rates in pulsing is

anticipated to be the most difficult aspect of this task.

B. CURRENT PROBLEMS

No significant technical problems have been encountered during this
report period. Funding on the various technical tasks, however, deviates from
the originally planned values. The higher—than-planned expenditures in Task VIII
testing, for example, represent expanded scope, which was made possible by the
savings which have been achieved in other areas, such as injector and chamber

fabrication.

C. WORK TO BE PERFORMED IN NEXT REPORT PERIOD

Task I - Injector Analysis and Design - No activity.

Task II - Injector Fabrication

Modify selected injectors for use in cooled chamber testing.

Task III - Cooled Chamber Analysis and Design

Continue to evaluate results of Task VIII heat transfer tests and

determine impact on selected designs.
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Task IV - Cooled Chamber Fabrication

Continue fabrication of four cooled thrust chambers--two units of
each concept. First unit should be available during the next

report period.

Tasks V through VII - No activity.

Task VIII - Injector Checkout Tests

Complete documentation of test activities in this task.

Task IX - Cooled Chamber Tests

Finalize cooled chamber test plan for the J-3 altitude test
facilities and propellant requirements for longer duration tests.
Prepare J-3 test facility for a mid-April start date for testing.
Checkout new propellant heat exchangers to determine minimum tem-
perature vs flow rate. Move two 16 ft3 insulated propellant tanks
alongside J-3 test facility. These tanks will provide a portion
of the P,V,T -mass balance storage system that will be employed in

propellant flow measurement.

Task X - Pulse Tests — No activity.
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I1T. LOW PRESSURE TECHNOLOGY PROGRAM

A. PROGRAM PROGRESS (TASKS XI THROUGH XX)

During this reporting period, a contract stop work order was received
from the NASA/LeRC contracting officer, directing that all work relative to the

following areas be stopped:

e Analysis, design, fabrication, and testing of the low
pressure vaned injector.

e Valve preparation for low Pc.

o Low pressure cooled thrust chamber analysis, design,
fabrication, and testing.

Verbal communication with the NASA/LeRC program manager resulted in
definition of a reduced scope testing program for the coaxial element injector.
Four additional test series were conducted, concluding this task with a total of
34 tests: ten ignition, facllity verification, and control sequence tests and

24 tests for performance and thermal data.

1. Task XI - Injector Analysis and Design .

The activities on this task were stopped during this report

period.

A review of the vaned injector hydrogen orifice pattern had
been initiated to improve the mixture ratio distribution along the vane. Flow
testing indicated that the hydrogen orifice pattern was causing a nonuniform
flow of oxygen in the area of transition from a double row to a single row of
orifices. Undesirable O/F ratios were expected and a correction was considered

necessary. This activity was stopped before it was completed.

2. Task XII - Injector Fabrication

Fabrication of the vaned injector was stopped during this

reporting period.
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II1, A, Program Progress (Tasks XI Through XX) (cont.)

- 3. Task XIII — Thrust Chamber Analysis and Design

This activity was completed earlier and was awaiting hot fire
test results and a fabrication evaluation. All effort on this task has been

stopped.

4, Task XIV ~ Thrust Chamber Fabrication

Fabrication of thermal instrumentation and application of the
ablative material for streak chamber testing was completed during this period.

Activities related to the fabrication of cooled chambers were stopped.

5. Task XV - Catalytic Igniter Analysis and Design

This task has been completed.

6. Task XVI - Catalytic Igniter Fabrication and Test

Twenty catalytic igniter tests were conducted during this report
period. These tests, conducted at simulated altitude conditions with ambient
temperaturepropellants, included surveys of the effect of mixture ratio and weight
flow on response characteristics. Posttest inspection of the hardware showed
some damage to the igniter injector face plate caused by a slow closing oxygen
valve. The damage was limited to the final distribution plate which will be
removed prior to the next test series. With this plate removed, the propellants

will be injected somewhat more coarsely than before.

Table III-1 summarizes the results of these tests. Ignition
delay is defined as the time between the start of oxygen manifold pressure
buildup (the lagging propellant) and the involvement of the secondary oxygen

with the reaction products from the catalyst bed. When the secondary oxygen
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Test
IG-2C

-101
-102
-103
-104
-105

-106
-107
-108
-109

-110
-111
-112
-113
-114
-115
-116
-117
-118
-119
-120

TABLE I1I-1

TASK XVI CATALYTIC IGNITER TEST SUMMARY

Duration, V"7f’ Qo’ Sec. 07 Reaction
sec 1b/sec 1b/sec Time, sec
0.2 0.0125 0.0625 -
0.2 0.0125 0.0625 -
1.0 0.0125 0.0625 -
5.0 0.0125 0.0625 -
5.0 0.0167 0.0835 0.855
2.0 0.0167 0.0835 -
2.0 0.0167 0.0835 -
2.0 0.0125 0.125 1.64
2.0 0.0125 0.156 0.085
0.3 0.0125 0.0625 -
0.3 0.0125 0.0625 -
2.0 0.0125 0.0625 -
2.0 0.0187 0.093 -
2.0 0.0187 0.093 0.74
2.0 0.0187 0.093 0.25
2.0 0.0187 0.093 0.68
2.0 0.0125 0.093 0.59
2.0 0.0125 0.11 0.12
2.0 0.0156 0.11 0.39
2.0 0.0156 0.11 0.03

Remarks

Posttest modifications to
introduce part of secondary
02 nearer catalyst bed

Posttest modification to
return secondary 09 injec-
tion to original configu-
ration. Installed 0.093
dia balance orifice in
primary Oy passage.

Hot restart
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begins to react with the products from the catalyst bed, an increase in pressure
is clearly evident. A photo cell located in the environmental simulation chamber

also simultaneously reflects the initiation of this reaction.

Three parameters were varied during these tests. Pretest
catalyst bed temperature ranged from 35 to 365°F, total weight flow ranged from
0.075 to 0.168 1b/sec, and overall igniter O/F was varied from 5 to 12.5. As
exﬁected, increasing the level of any of the above parameters tended to reduce
the time required for secondafy O2 reaction. The shortest reaction time was
observed during a hot restart test when the secondary oxygen reacted 30 ms from
the start of oxygen manifold pressure buildup. With ambient temperature hardware,

the fastest reaction time observed was 85 ms. This occurred during a test at the

highest O/F and with two times the design weight flow.

The catalyst bed temperature levels, which were reached near the
end of the test pcriods, were somewhat lower than expected, indicating that the
catalyst bed mixture ratio was somewhat lower than designed. To further evaluate
this condition, a series of tests have been scheduled to examine operation of the

catalyst bed alone, after which the secondary oxygen flow will be reintroduced.

7. Task XVII - Propellant Valves Preparation

Completion of this task has been awaiting the installation of
heat exchangers for hot and cold propellant tests. This activity has been stonped

and no further effort is anticipated.

8. Task XVIII - Injector Testing

a. Status

The contract stop work order clearly stops all effort
related to the vaned injector testing. In conversation with the NASA/LeRC

project manager, the scope of the coaxial injector testing was reduced to conclude

Page 15
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with four test series for performance and thermal data. Upon completion of these
tests, no further testing is planned and the effort on this task will be limited
to the reduction, analysis, and documentation of the test results. The final
four test series have been conducted and no additional hot fire tests are

scheduled.
b. Test Summary

Thirty—four tests were conducted during this period. Ten
tests were engine hardware and facility verification firings to check out igniter
operation and to evaluate operation of the facility protection devices. (Con-
siderable care was taken to preclude introduction of a significant quantity of
hydrogen into the facility.) Table III-2 summarizes the data for the 24 engine

tests.

The initial sequence of Tests 1680-D02-0A-001 through -022
were conducted in the J-3 altitude simulation facility using the J-3 steam
ejector system. For the final test series (-023 through -034), the J-4 stean
ejector system was used to provide more capacity to expel the low molecular

weight exhaust products, increasing the allowable test duration.

Tests were conducted using the SN 001 coaxial element
injector. Chamber L*'s of 16 and 26 in. were evaluated. Three film coolant
injection sleeves were tested to evaluate the effect of coolant injection

velocity and injection location. A streak chamber was prepared and tested.

The first series of tests were conducted for a nominal
duration of 5 sec using a 26 L* chamber and a 20% film coolant ring (designed
for a coolant-to-gas velocity ratio of 1) 2.78 in. long. The matrix for these
tests was planned to evaluate coolant quantity (30, 20, and 10%) at a fixed
engine O/F of 2.5, followed by an evaluation of engine O/F (4 to 2) with the

nominal 20% coolant flow.
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For the second series of tests, the film coolant sleeve was
removed and uncooled tests were conducted at three O/F ratios (2.0, 2.5, and 4) at
the nominal 15 psia chamber pressure, followed by two tests at the chamber

pressure extremes (10 and 20 psia) at a nominal 2.5 O/F ratio.

For the third series, the ablative lined chamber was

installed and a 5-sec streak test was conducted without film cooling.

The fourth test series was conducted using the 2.78-in.-
long 10% nominal design flow coolant ring. The effect of coolant injection
velocity on coolant effectiveness will be available by comparing these results
with the data from tests with the 2.78-in. 20% coolant ring previously tested.
Coolant flows of 20, 10 and 5 percent of the fuel were used during these tests.
The injector flow balance was adjusted for each test to provide a nominal overall
engine O/F ratio of 2.5. These tests were conducted for a duration of 10 sec

to improve the quality of the thermal data.

The fifth series of tests was a longer duration (10 sec)
firing of the hardware tested in the first series. The overall engine O/F ratio

was held at the nominal 2.5 during tests at 10 and 20 percent coolant flows.

The sixth series of tests continued the use of the 26 L*
chamber but with a short 0.5-in.-long film coolant sleeve designed for optimum
injection velocity at 20% coolant flow. This short coolant sleeve introduced the
hydrogen coolant 0.5 in, from the injector face plane. As with the preceding
coolant tests, the overall engine O/F ratio was held at 2.5 during coolant flows

of 10, 20, and 30% of the total fuel.
The seventh, and fiqal, series of tests evaluated the effect

of L* and, to some extent, coolant injection station on performance and coolant

effectiveness. The chamber L* was shortened to 16 in. and the 2.78-in.-long
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nominal 10% coolant sleeve was installed. This configuration then injected the
coolant at the point where the chamber begins to converge toward the throat.

As with the earlier tests using this coolant sleeve configuration, 20, 10 and

5 percent of the fuel was passed through the sleeve while the overall engine
O/F was maintained at a nominal O/F ratio of 2.5. This concluded the revised

injector test series.
C. Test Results

Testing was completed near the end of the reporting period
and, therefore, data reduction and analysis are incomplete at this time. Pre-

liminary data, which are available, are presented in the following paragraphs.
(1) Performance

The engine tests conducted during this period are
tabulated on Table III-2. Although reduction and analysis of these data are
incomplete, some encouraging results are apparent. Figure III-1 shows the
delivered vacuum specific impulse for the four hardware configurations tested.
These configurations are summarized below:

Coolant Sleeve Design

Coolant Sleeve Flow Rate, 7 Fuel for

L*, in. Length, in. Vcoolant B Vcomb. prod
26 2.78 10
26 2.78 20
26 0.5 20
16 2.78 10

~

The effect of the reduced L* is shown to reduce performance by approximately 5 sec
for coolant fractions between 6 and 207 of the total fuel. A shorter length
coolant sleeve results in an increase in delivered specific impulse of over 7 sec
for coolant fractions between 10 and 307 of the total fuel flow, probably due to

increased mixing and heating of the hydrogen coolant.
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Comparison of the performance and thermal data to
identify the optimum operating condition for this engine and a more detailed

performance loss analysis will be completed in the next report period.
(2) Heat Transfer

Heat transfer data were obtained in the form of

inside wall temperatures and gas probe temperatures at several locations in

the chamber. The wall temperature data are being analyzed using a finite dif-
ference thermal analyzer computer program (SINDA) and heat flux-wall temperature
curves are generated from which recovery temperature is determined. Figure III-2
shows recovery temperatures for three test conditions. The gas temperature
probes at the throat station recorded the temperatures shown on Figure III-3 for
three coolant sleeve configurations at various coolant flows. From the early
data, it appears that the results obtained were as expected. A more complete
reporting of the results of the data analysis will be included in next month's

report.

9. Task XIX — Cooled Chamber Testing

No activity during this period.

10, Task XX - Pulse Testing

No activity during this period.

B. CURRENT PROBLEMS

No significant problems have been encountered.
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C. WORK TO BE PERFORMED IN THE NEXT REPORT PERIOD

1. Task XI - Injector Analysis and Design

All effort stopped on this task.

2. Task XII - Injector Fabrication

All effort stopped on this task.

3. Task XIII - Thrust Chamber Analysis and Design

All effort stopped on this task.

4. Task XIV - Thrust Chamber Fabrication

All effort stopped on this task.

5. Task XV - Catalytic Igniter Analysis and Design

Completed.

6. Task XVI - Catalytic Igniter Fabrication and Checkout

Conduct ambient temperature and cold propellant tests.

7. Task XVII - Propellant Valve Preparation

All effort stopped on this task.

8. Task XVIII - Injector Testing

Complete the reduction, analysis and documentation of

test data.
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9. Task XIX - Cooled Chamber Tests

No activity planned.

10. Task XX - Pulsing Tests

No activity planned.
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FORECAST AND CONSUMPTION OF GOVERNMENT-FURNISHED PROPELLANTS

Material

: LO2 (ton)
LH2 (1b)
LN2 (ton)

GHe (SCF)

Contract NAS 3-14354

Next Month's

Next 3 Months'

Monthly
Usage Cumulative
0 0
1930 3268
58.7 165.9
0 99,100

Requirements Requirements
0 28
0 0
30 260
50 12,550



